Abstract. The purpose of this work was to optimize the process parameters required for the production of spray-dried oily core nanocapsules (NCs) with targeted size and drug yield using a two-level fourfactor fractional factorial experimental design (FFED). The coded process parameters chosen were inlet temperature (X 1 ), feed flow rate (X 2 ), atomizing air flow (X 3 ), and aspiration rate (X 4 ). The produced NCs were characterized for size, yield, morphology, and powder flowability by dynamic light scattering, electron microscope, Carr's index, and Hausner ratio measurement, respectively. The mean size of produced NCs ranged from 129.5 to 444.8 nm, with yield varying from 14.1% to 31.1%. The statistical analysis indicated an adequate model fit in predicting the effect of process parameters affecting yield. Predicted condition for maximum yield was: inlet temperature 140°C, atomizing air flow 600 L/h, feed flow rate 0.18 L/h, and aspiration air flow set at 100%, which led to a yield of 30.8%. The morphological analysis showed the existence of oily core and spherical nanostructure. The results from powder flowability analysis indicated average Carr's index and Hausner ratio of 42.77% and 1.76, respectively. Spray-dried oily core NCs with size lower than 200 nm were successfully produced, and the FFED proved to be an effective approach in predicting the production of spray-dried NCs of targeted yield.
INTRODUCTION
The concept of nanocapsules (NCs) was first introduced in 1977 (1) . NCs present a core-shell structure with either an aqueous or oily core surrounded by a polymeric shell. In contrast to nanosphere (NP), which was identified as a continuous polymeric matrix, NCs have several advantages. For example, (1) the loading efficiency of poorly water soluble drugs can be significantly improved; (2) the drug can be encapsulated in a central cavity, avoiding the possible drug adsorption on the NP surface, which is common during NP preparation (2, 3) . Therefore, the burst effect due to surface adsorption could be minimized; (3) reduced irritation because drug is not in direct contact with the site of action; (4) protect the drug from degradation during both storage and after administration (4) . Therefore, NCs are under extensive study and proved to be a promising vector for lipophilic drugs (5, 6) .
Spray drying is a widely applied technique for producing a dry powder form from a liquid by rapidly drying with hot gas. The concept of spray drying has been extensively applied in the drying of various pharmaceutical excipients (7) (8) (9) . This technology exhibits several advantages: drying in a rapid onestep process, comparable low price with easy scale-up, suitable with heat sensitive molecules such as enzymes and proteins, and the possibility of modulating powder characteristics such as size by process analytical technology (10) . A series of methods for spray-drying polymeric NCs and NP have been proposed and studied, with appropriate spray-drying adjuvant (11, 12) . For the operator of the spray-drying process, several major process parameters which may have direct influence on product quality should be considered and controlled, such as: the inlet temperature of the drying air, the drying air flow rate, the supply rate of the feed liquid, and the pressure/volume of the atomizing air as well as the drying air flow (13) . Therefore, the process parameters in the spray-drying technique should be carefully controlled in order to avoid unwanted consequences such as particle aggregation, low yield, and high moisture content. Previous literatures have focused on the effect of process parameters during spray drying and/or spray congealing process (14) (15) (16) (17) . Although NCs around 200 nm have been successfully prepared by spray drying (12, 18, 19) , there is a knowledge gap on the systematic and statistical analysis of the effect of process parameters, specifically during spray drying of oily core NCs. Thus, this study was designed to bridge this gap.
Design of experiments (DOE) is a component of qualityby-design (QbD), which is a systemic and simultaneous evaluation of variables in order to develop a desired product (20) . Our group has recently combined the concept of DOE with nanoformulation (21, 22) . It is highly expected that by a useful statistical experimental design tool, one can understand the effects of process parameters and their interactions, which can be associated with quality attributes of the final product.
Fractional factorial experiment designs (FFED) are experimental designs consisting of a fraction of the experimental runs of a full-factorial design. For example, in a two-level, four-factor FFED (2 4-1 design), three factors (A, B, C) will go through every possible combination of high/low values as in a 2 3 design, while the fourth factor D will be constructed as D=ABC, respectively (23) . This gives a total of eight runs compared to 16 runs in a full two-level-four-factor factorial design. FFED is good for screening experiments and to find out important variables from a large variable list (23) .
Previously, our research group has successfully utilized Box-Behnken design to predict and optimize the formulation variables in spray-dried oily core NCs (data not shown). That previous study instead focused on the formulation variables (e.g., amount of polymer, oil, and surfactant) in order to minimize size and maximize encapsulation efficiency. However, the produced NCs exhibited relatively large size (>220 nm, not suitable for sterile filtration and i.v. administration) and low process yield. In this present study, the influence of four different process parameters was studied using 2 4-1 FFED in order to overcome these limitations.
MATERIAL AND METHODS

Materials
Poly(D,L-lactide) Resomer® R208 was supplied by Boehringer Ingelheim Inc. (Ingelheim, Germany). Labrafac CC (caprylic/capric triglyceride) was kindly supplied by Gattefosse Corporation (Saint-Priest, France) as a gift. Poloxamer 407 (Pluronic F127) was a gift from Baden Aniline and Soda Factory Corporation (Ludwigshafen, Germany). Indomethacin (IND) was purchased from Sigma Aldrich (St. Louis, MO, USA). α-Lactose and ethyl acetate were purchased from Fisher Scientific (Fair Lawn, NJ, USA). All other chemicals used in this study were of analytical grade and used without further purification.
4-1 Experimental Design
In this study, four process parameters, namely, inlet temperature, feed flow rate, atomizing air flow, and aspiration rate were selected at their low (coded −1) and high (coded +1) levels with triplicate centerpoints. The centerpoints provide a check for curvature and a measure of process stability and inherent variability (24) . Therefore, it is recommended to add approximately three to five centerpoints to a full or fractional factorial design (25) . The independent and dependent variables and their coded factors are listed in Table I . The equation obtained by statistical software (JMP 8, SAS Institute) was as follows:
Where Y i was the dependent variable; X 1 through X 4 were independent variables; b 0 was the intercept with y-axis; and b 1 through b 14 were regression coefficients. In FFED, every twofactor interaction is aliased with another two-factor interaction, and those relationships are X 1 X 2 =X 3 X 4 , X 1 X 3 =X 2 X 4 , and X 2 X 3 =X 1 X 4 (23) . In this study, the independent variables were chosen based on preliminary experiments.
Preparation of IND-Loaded Oily Core Nanocapsules Suspension
The IND-loaded oily core nanocapsules were prepared by an adopted emulsion-diffusion technique previously described by Quintanar-Guerreo et al. (26) . First, mutually saturated deionized water and ethyl acetate were prepared by mixing deionized water and ethyl acetate and left settled overnight. Then, these two solvents were separated using a funnel. One hundred milligram of PLA was dissolved in 10 ml of water saturated ethyl acetate, and meanwhile, 360 mg of Pluronic F127 was dissolved in 40 ml of ethyl acetate saturated water. Then, 0.7 ml of Labrafac CC (oil) containing 10 mg of IND was added to the above water saturated ethyl acetate. The resulting organic phase was then poured into the water phase and emulsified with a homogenizer (IKA ULTRA-TURRAX T-25, Staufen, Germany) at 9,500 rpm for 10 min in which the oil-in-water emulsion was formed. Then, by adding deionized water (200 ml) to the emulsion under gentle stirring, ethyl acetate was extracted from the emulsion droplet, thus facilitating the precipitation and formation of NCs.
Spray-Drying of the IND-Loaded Oily Core Nanocapsules
The NCs powder was obtained by spraying the emulsion in previous step (adding 3% α-lactose as bulking agent) through 
Particle Size Determination
The particle size (Y 1 , nm) and size distribution of IND loaded NCs was measured by dynamic light scattering (DLS, Brookhaven Instruments Corporation, Austin, TX, USA). DLS is a noninvasive, well-established technique for measuring the size of particles at nanometer scale. The spray-dried powder was redispersed in deionized water and sized at temperature of 25°C. The measurements were taken three times. The polydispersity index (PI) is given by the following equation:
Where K 1 is an effective mean diffusion coefficient while K 2 describes the relative width of the size distribution if normalized by K 1 2 (27) . According to National Institute Standard, a sample with a PI<0.5 was considered monodispersed (28) .
Assessment of Process Yield
The process yield (Y 2 , %) was calculated by the following equation:
Where W r was the weight of spray-dried powder collected in method section and W i was the weight of total solids in the dispersion before spray drying.
Scanning Electron Microscopy
The scanning electron microscopy (SEM) technique was used to assess the morphology of NCs. Selected samples were analyzed by SEM for their surface morphology. The spraydried samples were sonicated for 15 min to redisperse the particles in aqueous media. Samples were then pipetted onto a Nucleapore filter membrane and vacuum deposited. The membrane was mounted on a 1/2 in. SEM stubs with doublesticky carbon tape and secured with Ag paint around the perimeter of the membrane to the stub. The samples were sputter-coated (Emitech EMS575SX) with ∼20 nm of Pt. The SEM picture was taken on a Hitachi S4700 Cold-cathode Field Emission Scanning Electron Microscope (Hitachi Hightech cooperation, Tokyo, Japan).
Transmission Electron Microscopy
The NCs were diluted in 2.5% uranyl acetate (UA), sonicated, and then 8 uL of the solution was put on a carbon coated grid, allowed to sit for 5 min. Excess solution was wicked off. Then 5% UA was put on the grid to increase the contrast. The grids were viewed under a JEOL JEM 1400 Transmission Electron Microscope (JEOL Inc., Peabody, USA), and photographed digitally on a Gatan axis-mount 2×2 k digital camera.
Statistical Analysis
The equations of the response values of size (Y 1 ) and yield (Y 2 ) were derived from the total result of the 11 runs in the four-factor two-level fractional factorial design. Analysis of variance (ANOVA) and lack-of-fit test were performed to ensure the model fit. Process parameters that had significant effects on the response were identified through Pareto chart. Irrelevant factors and interactions were deleted to obtain a SS sum of square, DF degree of freedom, MS mean sum of square, F ratio Lack-of-fit MS/Pure error MS, P value the area under F distribution curve to the right of tabulated critical F value reduced equation and used for optimization. After obtaining the optimized condition, a checkpoint analysis was performed to further confirm the model validation. The theoretical optimum condition for maximized process yield was given by the prediction model. This condition was validated in triplicates and checked for yield to ensure reproducibility.
Powder Flowability Analysis
The powder flowability was characterized via Carr's index and Hausner ratio through published method (29) . Briefly, the bulk density was measured by placing approximately 1 g of powder under gravity into a calibrated measuring cylinder and record the volume occupied. The tapped density was further measured following established method by tapping the measuring cylinder on a wooden platform with an approximate amplitude of 20 mm until no further change in powder volume was observed (30, 31 ). Carr's index and Hausner ratio were calculated through:
Hausner ratio ¼ Tapped Density Bulk Density ð5Þ
RESULTS AND DISCUSSION
Statistical Analysis and Optimization of Spray Drying Process Table II described the responses obtained with the 2 4-1 design for the particle size (Y 1 ), and the yield (Y 2 ), with additional information on PI. This data showed that NCs were indeed formed with the particle size ranging from 129.5 to 444.8 nm. Figure 1 showed a typical size distribution of the spray-dried NCs. The particle size ranging from 81.3 to 195.8 nm accounted for over 95% of the population. The size of the prepared NCs emulsion before spray drying varied from 149.6 to 439.2 nm. The particle size and size distribution are rarely the same as the original droplet. Higher available input energy levels may decrease the mean size of the droplet (32) . Spraydried NCs with similar size range were as reported in (18) . The yield of NCs was from 14.1% to 31.1%. The PI of the sample ranged from 0.121 to 0.304. These 11 samples exhibited relatively large polydispersity, which may be due to aggregation of particles after preparation. Based on the analysis of the data, the equations for both response values were as follows:
Where the coded independent factors (X i ), which had the value of−1, 0, or +1 were:
The actual independent factors (X Ai ) were: X A1 for inlet temperature, X A2 for feed flow rate, X A3 for atomizing air flow, and X A4 for aspiration rate. The key measured response values were: Y 1 for particle size (nm) and Y 2 for yield (%).
The results from ANOVA and lack-of-fit analysis were given in Tables III and IV . For model validation, the P value obtained from ANOVA should be no more than 0.05, correlation coefficient (R 2 ) should be greater than 0.9, and the P value obtained from lack-of-fit should be no less than 0.05 (33) . For Y 2 , the P values in ANOVA analysis were less than 0.05, indicating the model adequately fit the data. The SS sum of square, DF degree of freedom, MS mean sum of square, F ratio Lack-of-fit MS/Pure error MS, P value the area under F distribution curve to the right of tabulated critical F value Fig. 2 . Pareto chart showed the standardized effect of process parameters and their interaction on yield in Eq. 7. X-axis showed the t ratio of the variables. Bars extending past the line indicated values reaching statistical significance (α=0.05) correlation coefficient (R 2 ) was 0.985, indicating that the sum of square of the model accounted for over 90% of the total sum of square. The lack-of-fit test showed that the P value for Y 2 was >0.05, which indicated that at 95% confidence level, there was no lack of fit in the model. Therefore, we accept the model prediction for Y 2 . On the other hand, since the P value of Y 1 in ANOVA was greater than 0.05, we rejected the model prediction for Y 1 .
In both equations, the coefficient of the interaction terms (X 1 X 2 , X 1 X 3 , and X 1 X 4 ) indicated how the response values changed when two variables simultaneously changed. The positive sign of the coefficient indicated a positive effect on size or yield while the negative signs showed a negative effect on those responses. In the study of Y 2 , yield increased with X 1 and X 3 and X 4 settings, while the increase of X 2 had a negative effect on the NCs yield.
In order to visualize the significant variables in Eq. 7, a Pareto chart was constructed in Fig. 2 , which indicates the main effect of the independent variables and interactions on Y 2 . The values on the x-axis of the Pareto chart in Fig. 2 were the so-called standardized effects, which were in fact the t values. Those values were obtained based on the estimate of factor effect E x , which was the coefficient in Eqs. 6, and 7. Then, t values were calculated based on the following equation:
Where SE e was the standard error of an effect (34) . The obtained t values were compared to a tabulated critical t value (t critical =3.18, as shown in the vertical line in Pareto chart). The critical t value was associated with the residual degree of freedom residual df ¼ ð number of runs À number of terms À 1Þ and usually determined at significance level α=0.05. In Fig. 2 , the absolute t values are represented by the length of the bar, and the critical t value is represented by the vertical line. Factors whose bar passes the vertical line (t critical at P>0.05) had a significant impact on response values. From Fig. 2 , it appears that among the four process parameters, only atomizing air flow had a significantly positive impact on the process yield. In order to further study the influence of process parameters on yield, statistically irrelevant interaction terms (X 1 X 2 , X 1 X 3 ) were omitted from the initial model to generate a reduced model. The prediction equation of reduced model for Y 2 was:
The ANOVA and lack-of-fit analysis were shown in Table V . The R 2 value of the reduced model was 0.984. According to the same acceptability criteria, the results of R 2 value, ANOVA, and lack-of-fit indicated that omitting interaction terms did not impair the model validation. A comparison of initial and reduced models using ANOVA was shown in Table VI. A Pareto chart of process parameters in reduced model is shown in Fig. 3 (t critical =2.57, as shown in the vertical line). It is clear from Fig. 3 that increasing inlet temperature, aspiration rate, and atomizing air flow could significantly increase NC yield. These observations could be explained using the following basic operating principles of spray drying as described below.
The investigated inlet temperature (X A1 ) ranged from 140°C to 150°C. Inlet temperature determined the temperature of the drying air at the contact of the feeding solution.
The inlet temperature was measured before entry to the drying chamber, and it had influence on the amount of solvent that could be removed per unit time (13) . Although the inlet temperature was close to the melting point of IND (158°C), it was reasonably speculated that the drug and/or oil component was not significantly degraded for the following reasons: (1) IND was shown to be relatively stable (with only 1.56% degradation) under high temperature and after meltquench cooling process (35); (2) spray drying was a recognized method for the processing of heat-sensitive materials such as proteins and enzymes (8) . This may be explained by the fact that the actual droplet temperature during the drying process was far lower than inlet temperature, and the exposure time was only 5-30 s (36) . In this study, the outlet temperature during the spray drying of the NCs ranged from 48°C to 52°C. Moreover, it has been reported that usually the 
13 , where N TO was the number of terms omitted SS sum of square, DF degree of freedom, MS mean sum of square, F ratio Lack-of-fit MS/Pure error MS, P value the area under F distribution curve to the right of tabulated critical F value spray-dried particles reach a maximum temperature which is 15-20°C below the outlet temperature (8) . It suggests that these substances were actually briefly exposed to an even lower temperature than the one observed experimentally. The overall thermal efficiency (η overall ) was defined as the fraction of total heat supplied to the dryer used in the evaporation process and can be approximately expressed as:
Where T 1 was inlet temperature, T 2 was outlet temperature, and T 0 was the atmospheric temperature (32) . It showed an increase in thermal efficiency, which resulted from increasing the inlet temperature for fixed outlet and ambient temperature. Although the outlet temperature could not be predetermined theoretically, it was experimentally observed during the spraying process that it was stabilized between 48°C to 52°C. Overall, the inlet temperature had a positive effect on the process yield, because it raised the thermal efficiency leading to effective drying of the particles. Therefore, fewer particles were stuck to the drying chamber and cyclone and yield increased. The feed flow rate (X A2 ) was set from 0.18 to 0.36 L/h in this study. It was found in the preliminary study that higher feed rate (>0.36 L/h) would cause insufficient drying of the solvent leading to low yield. The phenomenon remains to be fully elucidated. However, according to Eq. 11, if increasing liquid feeding rate (V lf ) counteracts the effect of the atomizing air flow rate (V aa ), the decreasing air/fluid mass ratio (n a/f ) would result in insufficient drying. In this case, water may not be fully evaporated given the relative low outlet temperature and high water content in the nanosuspension. Although it was not found to be a significant factor in the range studied, the importance of controlling feed flow rate was elaborated through a previous study, as shown in the equation below in which ρ a and ρ f were the density of atomizing air and feed fluid intended to be atomized:
The coupling of the liquid feeding rate (V lf ) with the atomizing air flow rate (V aa ) and their influence on spray drying was defined by the air/fluid mass ratio (n a/f ) (37) . The so-called air/fluid mass ratio represented the energy available for atomization, and decreasing n a/f would result in insufficient drying of particles (38) . In this study, the difference between low and high settings of the feed flow rate appeared to have a statistically insignificant effect. Therefore, using the above Eq. 11, the energy available for atomization appeared here to be mainly dependent on atomizing air flow rate which positively impacted the process yield (Figs. 2 and 3 ). For example, indeed samples 5 and 11 (from Table II ) did have relatively high yield (31.1% and 25.5%), but this fact might be mainly explained by the high value of V aa (in Eq. 11) providing more effective drying energy. On the contrary, sample 10 with low V aa value had a low yield of 14.1%. The atomizing air flow (X A3 ) in this study was set from 450 to 600 L/h. It referred to the gas flow in the nozzle. As shown in Eq. 11, this provided more energy available for atomization, causing the formation of a very large surface area owing to small droplet size that was exposed to the drying gas, which increased the drying efficiency (13) . The droplet drying time τ d could be described using the following Eqs. 12, and 13 (39):
Where τ d is the droplet drying time, d 0 is the initial diameter of the droplet, and κ is the evaporation rate:
Where D g is the diffusion coefficient of the gas phase, ρ g and ρ l are density of the gas and liquid phases, respectively; Y s and Y 1 are the mass fraction of the solvent at droplet surface and in atmosphere, respectively; and T e is the equilibrium temperature of the droplet. In a case where evaporation rate was fixed, higher atomizing air flow would help decrease initial diameter of the droplet and, therefore, significantly reduce drying time. Together with the effect of increasing air/fluid mass ratio as shown in Eq. 11, higher atomizing air flow rate would lead to effective drying of the particle and higher yield.
The aspiration air flow setting (X A4 ) represented the drying gas flow rate in the spray dryer, which was the volume of drying air supplied per unit time. X A4 was set to 80% (low level) and 100% (high level) of the maximum drying air flow (35,000 L/h) of the Buchi B 290 spray dryer according to manufacturer specifications. The higher the aspiration setting, the shorter the particle transfer time (t p ) would be from the nozzle to the collector. When t p was low, the interaction time between the particle and the drying gas would be relatively shorter. However, higher X A4 setting could increase the process yield by providing higher drying air velocity. Therefore, the increased centrifugal forces in the cyclone will increase cyclone efficiency (40) and X A4 had a positive effect as shown in Eq. 9.
The interaction between aspiration air flow and inlet temperature showed a significant negative effect on the process yield. As shown in Fig. 4 , yield increases when inlet temperature and aspiration rate were increased. But after certain point, yield starts to decrease significantly, exhibiting an overall of negative interaction effect in Fig. 3 . This could be explained by the antagonistic effect of both parameters.
Increasing inlet temperature contributed to reducing droplet drying time τ d , but increasing aspiration air flow rate could shorten t p . If t P was short enough to overwhelm the effect of faster dying (reduced τ d ), then the moisture content in the particle would be high enough which led to insufficient drying and forming sticky particles. These particles could be retained on the surface of drying chamber and decrease recovery of spray-dried NCs in the collector.
The relationship between the process parameters and the NCs yield was further investigated by constructing a prediction and desirability plot as shown in Fig. 5 . The solid line indicates the prediction of process yield (%) as a function of the selected process parameters and the dotted lines around the solid lines indicates standard deviation. The concept of desirability function in optimization was described by Derringer and Suich (41) with desirability on the scale of 0 to 1, where 0 is not acceptable and 1 is the perfectly desirable response. Basically, the desirability was calculated as a function of the differences between fitted response value and the target value (42). Our goal was to maximize yield. The predicted yield was 30.8% with a desirability (d=0.90) which was close to the ideal value of 1. In Fig. 5 , the predicted optimized condition can be translated as follows: inlet temperature 140°C, atomizing air low 600 L/h, feed flow rate 0.18 L/h, and aspiration air flow set at 100%.
Based on the reduced Eq. 9, a checkpoint analysis was performed to evaluate Y 2 . The triplicate optimization points had an average yield of 32.5±2.4% (n=3), with a P value of 0.415 (α=0.05) compared to calculated value.
Physicochemical Characterization of the Oily Core Nanocapsules
The SEM image of spray-dried NCs is in Fig. 6 . The particles exhibit a typical smooth spherical surface, and the size distribution is correlated well with the data measured by DLS. In transmission electron microscope (TEM) as in Fig. 7 , areas of the specimen which block the beam cause fewer electrons to be transmitted to the camera, causing a dark field of view, which could be due to denser or thicker material, and lighter areas tend to be either less denser or thinner or both. Figure 7a , b shows the different internal structure of NCs and NP, exhibiting the electron density difference, which may be the result of the oily core nature of NCs. These data are consistent with our previous experiment for formulation variables optimization (43) . 
Powder Flowability and Process Yield
The powder flowability of spray-dried NCs powder is summarized in Table VII . The bulk density and tapped density are measurements of the degree of packing or conversely the amount of space between the powder in the powder bed (29) . A Hausner ratio value less than 1.20 is indicative of good flow, whereas a value greater than 1.5 indicates poor flow. The Carr's index value less than 25% indicates a fluid powder (good flow) whereas a value greater than 25% indicates a cohesive powder with poor flow (44). The results in Table VII exhibit poor powder flow, which might be due to insufficient drying related to the great amount of water added into the diffusion process. In spray-drying theory, increase in solid content of the feed solution (concentration of particles in the feeding solution) usually increases the bulk density of the powder and powder flow (32). The solid content in the feed solution tested in this study was relatively low (approximately 3.2% w/w), indicating a very high heat requirement for drying. Moreover, the powder flowability also improves with increasing particle size and greater particle sphericity (32) , as the relatively small size of NCs could also contribute to poor powder flowability due to increased Van der Waals interaction. In practice, poor powder flowability was correlated with high moisture content in spray-dried powder shown in previous reports (45) . With the relatively low solid content in feed solution used, there was high possibility that the moisture content was high in the spray-dried NCs thus suggesting a high chance of wet particle sticking to the drying chamber and the cyclone wall. This may explain the low yield in this process. Also, small particles such as those produced in this study might be much more easily carried out by Brownian motion in the drying gases, therefore bypassing the collector through the cyclone outlet and further explaining the low yield observed.
Influence of Process Parameters on Particle Size
Although the major use of FFED is in screening experiments, it was found in this study the FFED could not provide an adequate model to predict particle size. Since FFED neglects the polynomial effect of the individual factor and considers that two-factor interactions are confounded with each other (23) , the inadequate fit of the model for particle size prediction might suggest the existence of a higher-order relationship in this case. It was found in the study, although the model did not fit the data well, smaller size could be obtained when the drying and atomization energy was high (high temperature, low feed rate, and high atomizing air flow according to Eq. 11), especially in the case of samples 5 and 9 with smallest size of 129 nm obtained with run 5 (Table II) . It was well established in spray-drying technique that an increase in the energy available for atomization would reduce particle size (46) . Experimental results from other investigators also confirmed this theory. For instance, Tajber et al. reported that the higher atomizing air flow was associated with smaller spray-dried microparticle (17) , and this trend was also commonly observed (47, 48) . Mackaplow et al. studied the effect of disk speed on rotary spray congealing of microspheres. Disk rotation speed (similar to atomization air flow rate in spray drying) had the most significant effect on microsphere size, with higher speed yielding smaller congealed particles (14) . Although feeding speed is high, particle size might be reduced due to higher centrifugal forces in spray congealing. The impact of nozzle temperature was also studied in spray congealing process. Passerini et al. studied two different atomizing nozzles (wide pneumatic and air pressure type) in spray congealing process. Their data showed atomizing air pressure and nozzle temperature also had a positive effect on smaller particle size, which concur with spray-drying theory (15) . Moreover, particle size usually increases as the feed concentration increases (8) . The effect of temperature on the particle size is more material dependent (8) . But these conclusions were not made based upon nanoparticles. Although FFED failed to provide an adequate model to predict the size, our objective was partially achieved, which was to produce spray-dried NCs under 220 nm suitable for sterile filtration, and i.v. injection. Alternative experimental design approaches such as Central Composite Design or Box-Behnken Design needs be studied to predict the effect of process parameters on size.
CONCLUSIONS
In this study, fractional factorial design enabled to investigate and optimize the yield of IND-loaded oily core NCs prepared by emulsion-diffusion technique and spray drying, which led to a yield of 30.8%. Statistical analysis proved the validity of the model and optimization process. Morphological analysis confirmed the existence of oily core structure. The powder flowability was low, which might be due to low feed solid concentration and small particle size. Spray-dried oily core NCs could serve as a template of novel nanocarrier for lipophilic drugs. The FFED shed light on future study of process optimization to predict NCs size in the field of nanoparticle manufacturing method using the emerging QbD concept.
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